Abstract. Oxidative stress is considered a major mediator of arteriosclerosis. In vascular smooth muscle cells, oxidative stress-induced cell death (including apoptosis) is probably related to arterial calcification in arteriosclerosis. Big mitogen-activated protein kinase-1 / extracellular signalregulated kinase 5 (BMK1/ERK5) is a newly identified member of the mitogen-activated protein kinases family. Like Src tyrosine kinase, BMK1/ERK5 is known to be sensitive to oxidative stress; however, its pathophysiological significance is poorly understood. In this study, we investigated the involvement of BMK1 and Src in H 2 O 2 -induced cell death using cultured rat aortic smooth muscle cells (RASMCs). Cell apoptosis was evaluated by using the TdT-mediated dUTP nick end labeling (TUNEL) method, and BMK1 and Src activities were determined by Western blotting. The main results are as follows: 1) BMK1 and Src were activated by H 2 O 2 in a time-and concentration-dependent manner in RASMCs; 2) BMK1 activation by H 2 O 2 was attenuated both in Srcknockdown RASMCs and in RASMCs pretreated with 4-amino-5-(4-chloro-phenyl)-7-(t-butyl) pyrazolo [3,4-d]pyrimidine (PP2), a Src family kinases inhibitor; and 3) H 2 O 2 -induced cell death was increased in BMK1-and Src-knockdown RASMCs as well as in PP2-treated RASMCs. These findings suggested that Src and BMK1 may play defensive and resistive roles against oxidative stress-induced death in RASMCs.
Introduction
Recent studies have revealed that arteriosclerosis plays an essential role in the development of cardiovascular diseases (1, 2) . Arteriosclerosis is regarded as a ubiquitous form of calcification occurring in both the intima and media of the vessel wall. In the pathogenesis of arteriosclerosis, intimal calcification is considered a common and early event and thus has received extensive attention thus far. On the other hand, calcification occurring in the media of the vessel wall has not been investigated to the same extent. Research to determine the reason for arteriosclerosis development is being conducted by an increasing number of investigators (3, 4) . It is commonly recognized that apoptosis of vascular smooth muscle cells (VSMCs) is important in arteriosclerosis.
Recent data showed that apoptosis precedes VSMC calcification and that apoptotic bodies derived from VSMCs may act as nucleating structures for calcium crystal formation. It was thus conceivable that inhibiting apoptosis also inhibits calcification (5) . Some studies also indicated that VSMCs may be induced by signals and mechanisms that are yet not well defined, e.g., the release of matrix vesicles, which could accumulate calcium and phosphate to allow crystal nucleation and thus lead to mineralization (6 -8) . Although the pathological explanation of the relationship between VSMC apoptosis and arteriosclerosis is ambiguous, the studies mentioned above suggest that apoptotic cell death may be strongly related to arteriosclerosis and that maintaining VSMCs integrity, that is, inhibiting apoptosis, is a critical factor and an active biological process in the maintenance of vessel function.
Reactive oxygen species (ROS), including hydrogen 
, which have been identified as important mediators, appear to be important stimuli for the cardiovascular system (9) and involved in many physiological and pathophysiological processes of VSMCs, for example, growth (10, 11) , migration (12) , extracellular matrix degradation (13) , secretion of inflammatory cytokines (14) , contraction (15) , differentiation (16) , and death (17) through modulation of many downstream signaling molecules. Src and mitogen-activated protein (MAP) kinases have been implicated in the ROS-induced cellular events.
Big MAP kinase-1 (BMK1), also known as extracellular signal-regulated kinase 5 (ERK5), was identified as a MAP kinase family member (18, 19) . BMK1 has been implicated in vascular disorders such as arteriosclerosis (20) . BMK1 is known to exert important effects on cell proliferation and survival. BMK1 contributes to epidermal growth factor (EGF)-stimulated proliferation of Hela cells (21) , Cot-induced transformation of NIH3T3 cells (22) , and H 2 O 2 -induced apoptosis of endothelial cells in vitro (23) . Our previous study showed that BMK1, mediated by Src, which is a kind of tyrosine kinases and activated by oxidative stress, plays an important role in cell survival of PC12 cells (24) . However, the molecular mechanisms of BMK1 in oxidative stress-induced cellular events in VSMCs in arteriosclerosis still remain unclear, and hence, further studies are highly desirable. In the present study, we investigated the involvement of BMK1 in oxidative stress-induced cell death using cultured rat aortic smooth muscle cells (RASMCs) with the aim of clarifying the pathophysiological role of BMK1 in oxidative stress-induced events.
Materials and Methods

Cell lines, culture, and transfection
Aortic smooth muscle cells were isolated from 250 -300 g male Harlan Sprague-Dawley rats and grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% calf serum and antibiotics (100 units/ ml penicillin, 100 μg/ml streptomycin) as described in a previous study (25) . The culture was maintained in a humidified atmosphere containing 5% CO 2 at 37°C. Passage 3 -8 RASMCs were grown to 70% -80% confluence in 3.5-cm dishes and then growth-arrested by incubation in serum-free DMEM for 24 h prior to use. All experiments were carried out with growth-arrested cells to minimize basal BMK1 and Src activity. Transfection was performed according to the manufacturer's protocol (Invitrogen, Carlsbad, CA, USA 
Cell viability assay
The reduction of 3-[4,5-dimethylthiazol-2-phenyl]-2,5-diphenyl-tetrazolium bromide (MTT) was used to evaluate cell viability as described earlier (26) . Cell apoptosis was examined by using the TdT-mediated dUTP nick end labeling (TUNEL) method. Cultured cells, BMK1 siRNA-transfected cells, and Src siRNAtransfected cells were grown in 96-well plates at a density of 80% confluence overnight, and the growth-arrested cells were treated with or without H 2 O 2 for comparison. In addition, intact cells were pretreated with 4-amino-5-(4-chloro-phenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine (PP2), a Src inhibitor, for 30 min, and then further cultured in DMEM medium in the absence or presence of H 2 O 2 for 40 min. After treatment, cell viability was measured by using the MTT method and apoptosis was detected according to the manufacturer's protocol using the Apoptosis Screening Kit.
Western blot analysis
For Western blot analysis, RASMCs were plated at a density of 1 -1.5 × 10 5 cells/cm 2 onto 3.5-cm dishes in culture medium. One or two days after plating the cells, experimental medium was added to the cells. After treatment, the cells were lysed by using cell lysis buffer (Cell Signaling, Danvers, MA, USA) in the same manner as described previously (27) . The protein concentration of the supernatants was determined using the Protein Assay Bicinchoninate Kit (Nacalai Tesque, Kyoto). Western blot analysis of lysate proteins was performed via the same procedure as described elsewhere (26, 27) . Immunoreactive bands were visualized using the enhanced chemiluminescence (ECL) or ECL plus system and were quantified by densitometry.
Materials
All materials were purchased from Wako (Kyoto) or Nacalai Tesque except where indicated. H 2 O 2 was from SANTOKU CHEMICAL (Tokyo), and PP2 was from Calbiochem, San Diego, CA, USA. The following antibodies were used for Western blot analyses: phosphorylated BMK1 and BMK 1 antibodies were from Cell Signaling; anti-Src [pY418] phosphor-specific antibody was purchased from Invitrogen; the Src antibody was purchased from Millipore, Billerica, MA, USA. ECL and ECL plus system were purchased from GE Healthcare UK, Ltd., Little Chalfont, UK.
Statistical analyses
Data are reported as the mean ± S.D. After performing a 2-way analysis of variance (ANOVA) to determine significance among groups, we used a modified t-test with Fisher's post-hoc test for intergroup comparison. A P-value of < 0.05 was considered to indicate statistical significance.
Results
H 2 O 2 induced Src and BMK1 activation in RASMCs
We first investigated the effect of H 2 O 2 on the activation of Src and BMK1 in RASMCs by Western blot analysis. Growth-arrested RASMCs were treated with H 2 O 2 at concentrations varying from 0 to 1 mM for 0 -2 h. The activation of Src and BMK1 was measured by detecting phospho-Src and phospho-BMK1 in the blot. We found that the activation in all cases occurred in a time-and concentration-dependent manner. Stimulation of RASMCs with 1 mM H 2 O 2 showed a time-dependent increase in Src and BMK1 activities. The Src activity was found to increase with stimulating time, reaching a peak at 40 min (1 mM H 2 O 2 ) (Fig. 1) . Activation of BMK1 showed almost the same pattern as that noted for Src activation, regardless of response intensity. BMK1 was also activated by 1 mM H 2 O 2 with a peak at 40 min (Fig. 2) . It should be noted here that the levels of Src and BMK1 protein expression were not altered by H 2 O 2 treatment of the cells (data not shown). These results indicated that both Src and BMK1 are sensitive to oxidative stress.
Src is involved in H 2 O 2 -induced BMK1 activation
Recently, PP2, a specific inhibitor of Src family tyrosine kinases, was shown to inhibit Src, which is known as an upstream regulator of BMK1 in many cells (25, 27) . Our previous study showed that Src is involved in H 2 O 2 -induced BMK1 activation in cultured PC12 cells (24) . Therefore, we investigated whether H 2 O 2 -induced BMK1 activation was also inhibited by PP2 in RASMCs. It was found that 30-min pretreatment of the cells with PP2 (10 μM), which was sufficient to inhibit Src activity (Fig. 3A) , resulted in a decrease in BMK1 activation by H 2 O 2 (Fig. 3B) . These findings strongly suggest that Src is involved in H 2 O 2 -induced BMK1 activation in RASMCs. Although PP2 is considered to be a specific Src inhibitor, the possibility that PP2 may inhibit other signaling molecules that exist upstream of BMK1 cannot be ruled out. In order to better clarify the involvement of Src in H 2 O 2 -induced BMK1 activation, we also utilized the RNAi technique to knockdown the expression of the Src gene and evaluated the BMK1 activity in relation to decreased Src activity. (n = 3). The asterisks represent significant differences compared with the value of the control (*P < 0.05, **P < 0.01).
Src silencing by using siRNA inhibited H 2 O 2 -induced BMK1 activation in RASMCs
The concentration of Src siRNA and BMK1 siRNA for transfection experiments was first optimized. The results of this experiment indicated that the efficiency of both Src and BMK1 knockdown increased with the increase in siRNA concentration and reached a peak (80%) at a concentration of 10 nM siRNA. Taking into account the fact that a high siRNA concentration may cause cell damage, the optimal final siRNA concentration for both genes was determined to be 10 nM.
Then, the effect of transfection of Src siRNA on H 2 O 2 -induced Src activation in RASMCs was examined. Src siRNA effectively inhibited H 2 O 2 -induced Src activation in RASMCs (Fig. 4A) . Under the same condition, we subsequently examined whether transfection of Src siRNA inhibits H 2 O 2 -induced BMK1 activation in RASMCs in a similar fashion to that observed in the experiments with PP2. The results showed that Src siRNA inhibited H 2 O 2 -induced BMK1 activation significantly (Fig. 4B) . These results suggest that Src is involved in the H 2 O 2 -induced activation of BMK1.
H 2 O 2 -induced RASMC death and the effects of Src and BMK1 silencing by using siRNA
The effects of the concentration and treatment time of Figs. 6 and 7 . Under both conditions, cell viability was reduced to a greater degree in Src siRNA-transfected RASMCs than in non-transfected RASMCs. A similar result was observed in BMK1 siRNA-transfected RASMCs, suggesting that Src, as well as BMK1, plays a positive role in sustaining cell survival. It was observed that transfection of Src siRNA caused a decrease in cell viability to 89%, whereas transfection of BMK1 siRNA caused a decrease in cell viability to 94%, compared with the negative control (Fig. 6A) . The decrease in Src gene expression decreased H 2 O 2 -induced cell viability from 59% to 40%, whereas the decrease in BMK1 gene expression decreased H 2 O 2 -induced cell viability from 59% to 50%. Comparison of cell apoptosis of non-transfected and transfected RASMCs in the presence or absence of H 2 O 2 is shown in Fig. 6B . The apoptosis index was determined according to the reaction in the negative control in the absence of H 2 O 2 . It was observed that the decrease in the gene expression of Src and BMK1 induced cell apoptosis by 10.2% and 8.7% and increased H 2 O 2 -induced cell apoptosis by 10.4% and 9.1%, respectively, as compared with the H 2 O 2 -treated negative control.
Src inhibition by PP2 promotes H 2 O 2 -induced death in RASMCs
Previous results have shown that Src is involved in BMK1 activation stimulated by oxidative stress. To clarify whether Src mediates H 2 O 2 -induced RASMC death, we also employed PP2 to inhibit Src activity and evaluated the cell viability of RASMCs. The cell viability in PP2-treated and non-treated RASMCs was assessed both in the presence and absence of H 2 O 2 using the MTT assay and TUNEL assay. Inhibition of Src by PP2 led to a significant increase in apoptosis of RASMCs (by 5%) in the presence of H 2 O 2 (Fig. 7B) . Recent studies have shown that BMK1 can be activated by the platelet-derived growth factor (PDGF) in VSMC migration (28) or by insulin and angiotensin-II in VSMC proliferation (29, 30) . Oxidative stress activates BMK1 in a variety of cells (31 -33) . One previous study (34) has suggested that Src was involved in oxidative stressmediated signal transduction. Our previous study has also shown that BMK1 mediated by Src protected PC12 cells from H 2 O 2 -induced apoptosis (24) . In spite of the significant progress that is being made, a number of issues still need to be resolved to better understand the mechanism or the cellular signaling pathway by which Src and BMK1 influence oxidative stress-induced cellular events.
Discussion
In the present study, we first investigated the effect of H 2 O 2 on the activation of Src and BMK1 in RASMCs. The reason for employing H 2 O 2 as an oxidative stress to the cells is because the examined concentrations of H 2 O 2 were in the range of those that are reached under pathophysiological conditions, such as respiratory burst of granulocytes during infection (35) . Endogenous Src tyrosine kinase was significantly activated by H 2 O 2 in a concentration-and time-dependent manner in intact RASMCs (Fig. 1) , and the activation of BMK1 proceeded in a similar tendency to Src activation (Fig. 2) . These results are in agreement with those described earlier in PC12 cells (24) , suggesting that the activation of Src and BMK1 by oxidative stress may be common in many cell types.
Next, we investigated the effects of Src inhibition on H 2 O 2 -induced BMK1 activation to clarify whether oxidative stress mediated BMK1 activation via a Src-dependent pathway in RASMCs. We found that both Src inhibition by PP2 and decrease in Src expression by Src siRNA significantly inhibited H 2 O 2 -induced BMK1 activation (Figs. 3B and 4B), implying that Src was involved in and influenced H 2 O 2 -induced BMK1 activation as an upstream regulator in RASMCs. This result is consistent with that presented in a previous study on PC12 cells (24) . Moreover, because both PP2 and Src siRNA did not completely inhibit BMK1 activation by H 2 O 2 , involvement of signaling molecules other than Src cannot be ruled out.
According to the above finding, BMK1 activation can be considered to be involved in the process of H 2 O 2 -induced death (apoptosis) in RASMCs. To verify this assumption, we utilized the RNAi technique to knockdown the gene and protein expressions of Src and BMK1. Thereafter, we assessed H 2 O 2 -induced cell apoptosis in both Src and BMK1 siRNA transfected RASMCs (Fig.  6B) . We found that the decrease in Src protein expression resulted in decreased cell viability and increased H 2 O 2 -induced apoptosis in RASMCs. These results indicate that, to some extent, cell survival is dependent on BMK1 as well as Src activity. Both Src and BMK1 played an indispensable role in ensuring cell survival and preventing cell apoptosis induced by oxidative stress in RASMCs. To the best of our knowledge, this is the first report on the correlation between the loss of function of Src and BMK1 and oxidative stress-induced VSMC apoptosis. In addition, we also examined the relationship between Src inhibition and cell viability, and the relevant results are shown in Fig. 7B . The Src inhibition by PP2 led to a significant increase in H 2 O 2 -induced apoptosis in RASMCs, similar to the result obtained in Src siRNAtransfected RASMCs. These experiments seemed to provide direct evidence that Src was involved in cell survival in RASMCs.
It has been reported that Src could mediate cell death or cell survival by phosphorylating classical MAP kinase family members, that is, ERK1/2, JNK, and p38 kinase (36, 37) . These authors have also suggested that the activation of JNK and p38 kinase contributed to apoptosis, while ERK1/2 activation acted as a cell survival factor against oxidative stress. In the present study, we found that Src siRNA transfection induced cell death to a greater extent than BMK1 siRNA transfection, implying that Src is more likely to mediate cell survival/death via pathways other than the BMK1 route, for example, the ERK1/2 pathway. However, due to the lack of detailed investigations on the downstream transcription factors of BMK1 in RASMCs, the complete molecular mechanisms of cell survival via the Src-mediated BMK1 activation pathway are still to be elucidated. Further studies are needed to identify survival-related molecules that are involved in the Src and BMK1 pathways.
In summary, our present work showed that oxidative stress resulted in the activation of both Src and BMK1 and induced death in cultured RASMCs. From the findings using an inhibitor of and siRNA for Src and BMK1, Src and BMK1 were suggested to function as protectors or survival factors for RASMCs. Src and BMK1 may play defensive and resistive roles against oxidative stress-induced death in RASMCs.
